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Hyaluronan Accumulates With High-Fat Feeding and 
Contributes to Insulin Resistance 
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Increased deposition of specific extracellular matrix (ECM) 
components is a characteristic of insulin-resistant skeletal 
muscle. Hyaluronan (HA) is a major constituent of the ECM. 
The hypotheses that i) HA content is increased in the ECM of 
insulin-resistant skeletal muscle and 2) reduction of HA in the 
muscle ECM by long-acting pegylated human recombinant PH20 
hyaluronidase (PEGPH20) reverses high-fat (HF) diet-induced 
muscle insulin resistance were tested. We show that muscle HA 
was increased in HF diet-induced obese (DIO) mice and that 
treatment of PEGPH20, which dose-dependently reduced HA in 
muscle ECM, decreased fat mass, adipocyte size, and hepatic and 
muscle insulin resistance in DIO mice at 10 mg/kg. Reduced mus- 
cle insulin resistance was associated with increased insulin sig- 
naling, muscle vascularization, and percent cardiac output to 
muscle rather than insulin sensitization of muscle per se. Dose- 
response studies revealed that PEGPH20 dose-dependently in- 
creased insulin sensitivity in DIO mice with a minimally effective 
dose of 0.01 mg/kg. PEGPH20 at doses of 0.1 and 1 mg/kg re- 
duced muscle HA to levels seen in chow-fed mice, decreased fat 
mass, and increased muscle glucose uptake. These findings sug- 
gest that ECM HA is a target for treatment of insulin resistance. 
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The extracellular matrix (ECM) is important to 
cellular functions (1,2). An increase in specific 
components that comprise the matrix and the 
basement membrane is a characteristic of met- 
abolic disorders including insulin resistance, obesity, and 
diabetes (3-5). Collagens I, III, and IV, the most abundant 
structural components of the ECM (6), are increased in 
insulin-resistant muscle (3,7). Collagen VI, the collagen 
isoform enriched in adipose tissue, is increased in adipose 
tissue of obese subjects (4). Previous studies show that 
hyaluronan (HA), an anionic, nonsulfated glycosamino- 
glycan is increased in injured aorta of insulin-resistant rats 
(8) and pancreatic islets of nonobese diabetic mice (9). 
Increased HA is also seen in the kidney with diabetes 
(5,10). Collectively, increased ECM deposition is associ- 
ated with metabolic disorders in a variety of tissues. 
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HA, as a major component of the ECM, has multiple 
functions, including creating space between cells and fa- 
cilitating cell migration (11). HA is synthesized by HA 
synthases and degraded by hyaluronidases. In humans, 
there are six hyaluronidase genes identified thus far. These 
are HYAL1, HYAL2, HYAL3, HYAL4, PH20, and HYALP1 
(12). PH20 is the only identified hyaluronidase with sig- 
nificant enzyme activity at neutral pH. This characteristic 
of PH20 has created a role for the enzyme in facilitating 
dispersion of pharmaceutical agents through interstitial 
space (13). PH20 has a short serum half-life (<3 min) (14), 
which makes its intravenous applications impractical. The 
synthesis of a pegylated variant of the soluble recombinant 
human PH20 hyaluronidase (PEGPH20) extends the serum 
half-life of the enzyme to >10 h (14-17). 

Although increases in HA in the serum, aorta, and kidney 
have been shown to be associated with insulin resistance 
(5,8,18), the role of HA in insulin-resistant skeletal muscle is 
unknown. The hypotheses that 7) HA content is increased 
in the ECM of insulin-resistant skeletal muscle and 2) re- 
duction of HA in the muscle ECM by PEGPH20 treatment 
reverses diet-induced muscle insulin resistance were tested 
in the present studies. High-fat (HF) diet-induced obese 
(DIO) mice were used as a model of insulin resistance (19), 
and hyperinsulinemic-euglycemic clamps (ICvS) coupled 
with isotopic techniques (20) were used to assess insulin 
action in conscious, unrestrained, and stress-free mice. The 
results of this study demonstrate for the first time the crit- 
ical role of HA in the pathogenesis of insulin resistance. 

RESEARCH DESIGN AND METHODS 

Mouse models. Male C57BL/6J mice were fed a chow (chow fed) or HF diet 
(DIO), which contains 60% of calories as fat, for 16-20 weeks. The Vanderbilt 
Animal Care and Use Committee approved all animal procedures. 
PEGPH20 treatment regimens 

Pharmacokinetics of PEGPH20 in chow-fed mice. Sixteen-week-old 
chow-fed mice received an intravenous injection of PEGPH20 at 10 mg/kg 
through the tail vein. Mice had free access to food and water throughout the 
experiment and were killed 4-72 h after the bolus. 

Acute reduction of HA in DIO mice. Eighteen-week-old DIO mice received 
an intravenous injection of vehicle (10 mmol/L histidine, 130 mmol/L NaCl at pH 
6.5) or PEGPH20 at 10 mg/kg through the tail vein. The hyperinsulinemic- 
euglycemic clamp (IC V ) was performed 3 days after the bolus. 
Chronic reduction of HA in DIO mice. Fifteen-week-old DIO mice received 
injections of vehicle or PEGPH20 at 10 mg/kg intravenously once every 3 days 
for 24 days (q3dx9). Body weight and food consumption were measured during 
the treatment. Energy expenditure (EE) and physical activity were measured 
for 3 days after the first injection. Mouse body composition was determined using 
nuclear magnetic resonance. IC V was performed 3 days after the last treatment. 
Dose-dependent action of PEGPH20 in DIO mice. Fifteen- week-old DIO 
mice received injections of vehicle or PEGPH20 at 0.001, 0.01, 0.1, and 1 mg/kg 
intravenously (q3dx9). Body weight, food consumption, EE, and physical ac- 
tivity were measured as described above. IC V was performed 3 days after the 
last treatment. 

Hyperinsulinemic-euglycemic clamp. Catheters were implanted in a carotid 
artery and a jugular vein of mice for sampling and intravenous infusions 5 days 
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before hyperinsulinemic-euglycemic clamp (IC V ) (20). IC V (4 mU/kg/min) was 
performed on 5 h-fasted mice (20). [3- 3 H]glucose was infused to determine 
glucose fluxes (21). Blood glucose was clamped at —150 mg/dL using a vari- 
able glucose infusion rate (GIR). Mice received washed erythrocytes from 
donors to prevent hematocrit fall. IC V was achieved by assessment of blood 
glucose every 10 min with GIR adjusted as needed. Blood was taken at 80-120 
min for the determination of [3- 3 H]glucose. Clamp insulin was determined at 
t = 100 and 120 min. At 120 min, the clamp was sustained and a 13 fxCi 2[ 14 C] 
deoxyglucose Q 14 C]2DG) bolus was administered. Blood was taken at 2-35 
min for [ 14 C]2DG determination. After the last sample, mice were anesthetized 
and tissues were excised. 

IC V plasma and tissue sample processing. Plasma insulin and radioactivity 
of [3- 3 H]glucose, [ 14 C]2DG, and [ 14 C]2DG-6-phosphate were determined as 
previously described (22). Glucose appearance (Ra), endogenous glucose 
appearance (EndoRa), and glucose disappearance (Rd) rates were determined 
using non-steady-state equations (23). The glucose metabolic index (Rg) was 
calculated as previously described (24). Liver triglyceride was measured using 
the GPO triglyceride kit in —100 mg of frozen liver. 

Percent cardiac output to muscle. Percent cardiac output to muscle was 
assessed as previously described (25). After the final arterial blood sample of 
IC V , 50 (xL of 15-|jim microspheres was injected into the carotid artery. Gas- 
trocnemius was then excised. Microspheres were isolated and fluorescence 
measured as previously described (25). Microsphere mixing was assumed if 
the microsphere content in the right and left kidney were within 10%. 
Immunohistochemistry. HA, collagen IV (ColIV), and CD31 were assessed by 
immunohistochemistry in paraffin-embedded tissue sections with the following 
primary antibodies: biotinylated HA binding protein, anti-ColIV, or anti-CD31. 
Slides were lightly counterstained with Mayer's hematoxylin. The EnVision 
+HRP/DAB System was used to produce visible staining. Images were cap- 
tured using a Q-Imaging Micropublisher camera mounted on an Olympus up- 
right microscope. Immunostaining was quantified by the ImageJ Software. 
Immunoprecipitation and immunoblotting. Gastrocnemius was homoge- 
nized as previously described (3). Protein (40 jxg) was applied to SDS-PAGE 
gel. Phosphorylated and total Akt/PKB were probed using phospho-Akt 
(Ser473) and Akt antibodies. For immunoprecipitation, 500 jxg protein was 
incubated with 3 [Lg insulin receptor substrate 1 (IRS1) antibody (26). Then, 20 
|xL protein A/G PLUS-Agarose was added and incubated. The mixture was 
centrifuged and the supernatant removed. The beads were washed four times 
and centrifugation was repeated. Beads were resuspended and applied to 
SDS-PAGE gel. Immunoblots were probed with primary antibodies for phos- 
pho-IRSl (Tyr612) and the p85 subunit of phosphoinositide 3-kinase. 
Uptake of 2[ 3 H]deoxyglucose ([ 3 H]2DG) in isolated muscle. Fifteen- 
week-old DIO mice were intravenously treated with vehicle or PEGPH20 at 10 
mg/kg for 24 days (q3dx9). On day 27, mice were anesthetized and soleus and 
extensor digitorum longus (EDL) muscles were excised. Glucose uptake in 
isolated muscles was measured as before (27). In brief, soleus and EDL were 
treated with or without insulin at 10 mU/mL for 30 min. [ 3 H]2DG uptake was 
measured 10 min after adding cold 2DG (1 mmol/L), [ 3 H]2DG (0.25 jxCi/mL), 
and D-[ 14 C]mannitol (0.16 jxCi/mL). 

Determination of adipocyte size. Paraffin-embedded perigonadal adipose 
tissue sections were stained with Toluidine Blue O. Adipocyte size and dis- 
tribution range were determined by manual measurements of cell diameters of 
at least 100 adipocytes for each mouse. 

Gene expression in adipose tissue. RNA was isolated from 100 mg of 
perigonadal adipose tissue using the RNeasy minikit. cDNA was synthesized 
using the iScript cDNA synthesis kit. Real-time PCR analysis was performed on 
a Bio-Rad iQ5 machine using Taqman gene expression assays. 18S was 
quantified for each sample, and final relative concentration was determined 
using the delta delta threshold cycle (Ct) method (28). 
Statistical analysis. Data are expressed as mean ± SEM. Statistical analyses 
were performed using Student t test or two-way ANOVA followed by Tukey 
post hoc tests as appropriate. The significance level was P < 0.05. 



RESULTS 

Twenty weeks of HF diet increased muscle HA by two- 
fold (Fig. LA). To determine whether the presence of 
HA contributes to muscle insulin resistance, PEGPH20 
was injected into mice to reduce HA. One injection of 
PEGPH20 at 10 mg/kg in chow-fed mice decreased HA by 
80% 4 h after the intravenous administration (Fig. IE). This 
decrease was sustained for at least 72 h after the bolus. 
Measurements of PEGPH20 activity in plasma showed that 
PEGPH20 had an early-phase half-life of 2.2 h and a late- 
phase half-life of 23 h using biexponential decay analysis 
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(Fig. 1(7). In DIO mice, repeated injections of PEGPH20 at 
10 mg/kg over a 27-day period removed 90% of muscle HA 
(Fig. ID). 

The first injection of PEGPH20 in DIO mice caused an 
— 10% decrease in body weight (Fig. 2A). Subsequent 
injections did not affect body weight, and the mice gained 
weight similarly to the vehicle-treated controls (0.12 ± 
0.03 g/day in vehicle vs. 0.09 ± 0.03 g/day in PEGPH20). 
The initial decrease in body weight was likely due to de- 
creased food consumption in PEGPH20-treated mice (Fig. 
2B). Food intake rapidly increased thereafter. Food intake 
was measured after the fifth injection of PEGPH20 and 
was normal. Injections of PEGPH20 decreased fat mass by 
—35% after nine injections (Fig. 2(7) but did not change the 
lean mass (Fig. 2D). EE during the light cycles was the 
same between groups for the 3 days after the first injection 
(Fig. 2E). In contrast, EE during the first two dark cycles 
was significantly lower in PEGPH20-treated mice. Ambu- 
latory activity was significantly lower in the PEGPH20- 
treated mice during both light and dark cycles after the 
first injection (Fig. 2F). Physical activity in PEGPH20- 
treated mice was markedly improved by the third night. 

To determine the role of acute HA reduction in insulin 
resistance, IC V was performed in DIO mice 3 days after the 
first injection of PEGPH20. Body weights were not differ- 
ent between vehicle- and acute PEGPH20-treated mice 
(Table 1). One injection of PEGPH20 did not affect basal 
fasting glucose, plasma insulin, or nonesterified fatty acid 
(NEFA) concentrations. IC V glucose was 150 mg/dL in both 
groups (Table 1 and Fig. 3A). Arterial insulin was equiva- 
lent^ elevated and arterial NEFA was equivalently de- 
creased in both groups during the IC V (Table 1). GIR was 
comparable between groups, indicating unaffected insulin 
sensitivity (Fig. 3B). Likewise, muscle Rg was not statis- 
tically different between the two groups (Fig. 3(7). EndoRa 
and Rd were similar between the two groups at the basal 
state and during the IC V (Fig. 3D). 

We next investigated the effects of a chronic HA re- 
duction in insulin-resistant DIO mice. Body weights, basal 
arterial glucose, and NEFA were the same between vehi- 
cle- and chronic PEGPH20-treated mice (Table 1). Basal 
arterial insulin, however, was decreased by —50%, 
reflecting improved insulin sensitivity. IC V glucose was 150 
mg/dL in both groups (Table 1 and Fig. 3E). Consistent 
with lower basal insulin, IC V insulin in chronic PEGPH20- 
treated mice was —50% of that in vehicle-treated mice 
(Table 1). Arterial NEFA during the IC V was more sup- 
pressed in chronic PEGPH20-treated mice despite lower 
insulin. Moreover, GIR was higher in chronic PEGPH20- 
treated mice, demonstrating a profound improvement in 
insulin action (Fig. 3F). Rg in gastrocnemius and superficial 
vastus lateralis was also increased in PEGPH20-treated 
mice (Fig. 3G). Basal EndoRa and Rd were similar in both 
groups (Fig. 3H). EndoRa during the IC V was suppressed to 
a greater extent in chronic PEGPH20-treated mice. This 
decreased hepatic insulin resistance with chronic PEGPH20 
treatment was not associated with decreased liver tri- 
glyceride content (Fig. 5D). Despite increased muscle Rg, 
Rd during the IC V was not increased in chronic PEGPH20- 
treated mice, suggesting that other tissues offset the in- 
creased Rg responses (Fig. 2(7). 

Increased muscle Rg in chronic PEGPH20-treated mice 
was consistent with increased insulin signaling in the 
muscle (Figs. 4A and B). Tyrosine phosphorylation of IRS 1 
and IRSl-associated p85 subunit of the phosphoinositide 
3-kinase was increased in chronic PEGPH20-treated mice. 
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FIG. 1. HF feeding increases muscle HA content, and treatment with PEGPH20 in mice reduces HA in muscle. A: Immunohistochemical detection of 
HA in gastrocnemius of chow- and HF-fed mice. Data are quantified by measuring the integrated intensity of the staining and normalized to chow- 
fed mice, n = 5-6. *P < 0.05 vs. chow. B: Chow-fed mice were intravenously injected with PEGPH20, and HA content in gastrocnemius muscle was 
assessed by immunohistochemistry over time after the bolus. Data are normalized to time 0. n = 3. *P < 0.05 vs. 0 h. C: Plasma PEGPH20 activity 
was measured in mice from B to determine the half-life, n = 3. D: Immunohistochemical detection of HA in gastrocnemius muscle of vehicle- or 
chronic PEGPH20-treated DIO mice. Data are normalized to vehicle-treated HF-fed mice, n = 6. *P < 0.05 vs. vehicle HF. All data are represented 
as mean ± SEM. (A high-quality color representation of this figure is available in the online issue.) 



Phosphorylation of Akt as well as total Akt was also in- 
creased in chronic PEGPH20-treated mice. 

Chronic HA depletion did not affect muscle ColIV (Fig. 
4(7). We have shown that reversal of muscle insulin re- 
sistance during an HF diet feeding was associated with 
increased muscle vascularization (3). Similarly, increased 
muscle insulin action in the PEGPH20-treated DIO mice 
was associated with an increased expression of the vas- 
cular marker CD31 (Fig. 4(7). Increased muscle vasculari- 
zation was also consistent with a 1.5-fold increase in the 
fraction of injected microspheres deposited in the skeletal 
muscle of PEGPH20-treated mice (Fig. 4D). 

To further define whether the effects of chronic HA re- 
duction were due to insulin sensitization of muscle per se, 
glucose uptake was assessed in isolated muscle. [ 3 H]2DG 
uptake in isolated slow-twitch, oxidative-rich soleus was 
higher in the basal state and during insulin stimulation in 
PEGPH20-treated mice (Fig. AE). However, the insulin- 
stimulated increment in [ 3 H]2DG uptake was similar in 
both groups (Fig. 4G). [ 3 H]2DG uptake was the same be- 
tween groups in the predominantly fast-twitch, glycolytic 
EDL in both basal and insulin-stimulated states (Figs. 4F 
and G). 

To understand why chronic PEGPH20 treatment de- 
creased fat mass of the DIO mice, we examined the effects 
on adipose tissue. HA was expressed in the ECM of the 
adipose tissue in the vehicle-treated mice, and repeated 
injections of PEGPH20 depleted its presence (Fig. §A). 



Toluidine Blue O staining revealed a significant reduction 
in adipocyte size in mice treated with PEGPH20 (Figs. 5A 
and E). We further examined the expression of the in- 
flammation- and macrophage-specific genes in adipose 
tissue. Although there was no difference in the gene ex- 
pression of macrophage markers F4/80, CD 11c, and CD68, 
gene expression of some proinflammatory markers, IL-12 
and IL-lb, was decreased by chronic PEGPH20. Gene ex- 
pression of the anti-inflammatory markers IL-10, CD 163, 
Mgll, and Argl as well as the adipocyte markers ADRP 
and PPAR7 was not affected (Fig. 5(7). 

We next evaluated the efficacy of lower doses of 
PEGPH20 in enhancing insulin action. Body weights of the 
DIO mice were not different between groups over the 
treatment (Fig. 6A). Body weight gain over the 24-day 
treatment was, however, lower in mice treated with 0.1 
and 1 mg/kg PEGPH20 (Fig. 65). Fat mass gain was de- 
creased by PEGPH20 in a dose-dependent manner, and 
mice treated with 1 mg/kg PEGPH20 actually lost 1.5 g fat. 
Despite dose-dependent decreases in body weight gain 
and fat mass gain, lean mass gain was dose-dependently 
increased by PEGPH20. Food consumption was dose- 
dependently decreased after the first PEGPH20 injection 
(Fig. 6(7). The dose dependency of food consumption was 
transient. EE was also transiently decreased in mice 
treated with 1 mg/kg PEGPH20 (Fig. 6Z>). PEGPH20 at 
other doses did not decrease EE after the first injection. 
PEGPH20 at 0.001 and 0.01 mg/kg increased EE at day 2. 
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FIG. 2. Treatment of PEGPH20 in DIO mice causes a transient body weight loss. DIO mice were treated with either vehicle or PEGPH20 for 24 days. 
Body weight (A), food consumption (2?), fat mass (C), and lean mass (Z>) were assessed over time, n = 10. *P < 0.05 vs. vehicle and # P < 0.05 vs. day 0. 
EE (i?) and physical activity (F) were assessed in mice for 3 days after the first injection of vehicle or PEGPH20. n = 6. *P < 0.05 vs. vehicle. All 
data are represented as mean ± SEM. 



EE remained the same or was increased by PEGPH20 after 
six injections. Physical activity was transiently decreased 
in mice treated with 0.1 and 1 mg/kg PEGPH20 and was 
fully recovered by the second day (Fig. 6E). Physical 



TABLE 1 

Basal and clamp characteristics of HF-fed C57BL/6J mice treated 
with vehicle or PEGPH20 



Acute Chronic 



Vehicle PEGPH20 Vehicle PEGPH20 



n 




4 






5 




8 






6 


Weight (g) 


35 


+ 


1.5 


34 


+ 


1.9 


39 ± 


1.5 


35 


± 1.1 


Blood glucose 






















(mg/dL) 






















Basal 


125 


+ 


9 


119 


+ 


8 


136 ± 


5 


137 


± 7 


Clamp § 


154 


+ 


3 


151 


+ 


2 


150 ± 


2 


153 


± 3 


Plasma insulin 






















(ng/mL) 






















Basal 


3.1 


+ 


1.0 


3.6 


+ 


0.9 


3.3 ± 


0.3 


1.5 


± 0.1* 


Clamp § 


7.5 


+ 


0.4 


7.6 


+ 


0.7 


14.2 ± 


1.9 


7.1 


± 0.8* 


Plasma NEFA 






















(mmol/L) 






















Basal 


0.90 


+ 


0.13 0.62 


+ 


0.04 0.38 ± 


0.05 0.37 


± 0.05 


Clamp § 


0.14 


+ 


0.01 0.14 


+ 


0.04 0.20 ± 


0.05 0.08 


± 0.02* 



All data are expressed as mean ± SEM. §Data are presented as the 
average of values obtained from 80-120 min of the IC V . *P < 0.05, 
compared with chronic vehicle. 



activity was the same between vehicle- and PEGPH20- 
treated mice after six injections. To evaluate the minimally 
effective dose of PEGPH20 in improving insulin action, 
IC v s were performed. IC V glucose was 150 mg/dL in all 
groups (Fig. 6F). GIR was dose-dependently increased by 
PEGPH20. The minimally effective dose was 0.01 mg/kg 
(Fig. 6G). Muscle Rg was increased in mice treated with 
0.1 and 1 mg/kg PEGPH20 (Fig. 6H). Increased GIR and 
muscle Rg with increasing concentrations of PEGPH20 
was associated with a dose-dependent decrease in muscle 
HA content (Fig. 61). Although 0.001 mg/kg PEGPH20 did 
not decrease muscle HA and 10 mg/kg PEGPH20 nearly 
depleted HA, PEGPH20 at 0.01, 0.1, and 1 mg/kg normal- 
ized HA levels to those seen in chow-fed vehicle mice. 

DISCUSSION 

ECM remodeling in insulin-resistant skeletal muscle is of 
potential significance for muscle metabolism (3,7). In the 
current study, we demonstrate for the first time that HA in 
the muscle ECM is linked to muscle insulin resistance, as 
sustained reduction of HA by PEGPH20 reverses HF diet- 
induced muscle insulin resistance. The fact that chronic, 
but not acute, reduction of HA improves muscle insulin 
action suggests that HA in the muscle ECM is not simply 
a physical barrier but causes long-term adaptations in the 
muscle, including increased muscle vascularization and 
improved accessibility of muscle to metabolic substances 
such as glucose and insulin. The reversal of HF diet- 
induced insulin resistance by chronic HA reduction is not 
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FIG. 3. Chronic, but not acute, treatment of PEGPH20 increases insulin sensitivity in DIO mice. DIO mice received one (acute) or multiple 
(chronic) intravenous injections of vehicle or PEGPH20. IC V was performed 3 days after the injection to determine blood glucose (A andi?); GIR 
(B and F); Rg (C and (?), an index of muscle glucose uptake; and endogenous glucose production (EndoRa) and glucose disappearance rate (Rd) 
(J) and IT), n = 4-8. *P < 0.05 vs. vehicle. All data are represented as mean ± SEM. 



limited to skeletal muscle. Insulin's ability to suppress 
adipocyte lipolysis and hepatic glucose production was 
also greatly improved with chronic PEGPH20 treatment. 
These results reveal the importance of HA turnover in the 
regulation of whole-body glucose flux. Following the proof 
of principle that HA is inversely related to insulin action, 
we set out to determine the minimally effective dose of 
PEGPH20 that improves insulin action. This is extremely 
important for developing a safe and tolerable dose to ad- 
minister to insulin-resistant humans. 

A single intravenous dose of PEGPH20 at 10 mg/kg has 
been previously shown to cause a transient body weight 
loss of —10% in young adult mice (14). We observed the 
same response in DIO mice. We further showed that this 
initial loss of body weight was likely due to decreased food 
consumption and occurred despite a decrease in EE after 
a single injection of PEGPH20. Physical activity of the DIO 
mice was also decreased by the initial injection. As mice 
received more injections of 10 mg/kg PEGPH20, food 
consumption was rapidly restored to quantities seen in the 
control mice. The EE and physical activity that were de- 
creased after the initial injection of PEGPH20 were also 
transient. Potential medical complications of an injection 
of PEGPH20 include inflammation and joint pain (29). This 
may explain the initial decrease in activity and related 
responses. Nevertheless, the results of the present studies, 
as well as other work (14), suggest that chronic injections 
of PEGPH20 are well tolerated in mice as there are no 
overt adverse effects. 

Acute reduction of HA by a single injection of PEGPH20 
did not affect insulin action in DIO mice. As noted above, 
the acute response to PEGPH20 was accompanied by 
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a transient decrease in food consumption and decreased 
physical activity. Although caloric restriction increases 
insulin sensitivity (30,31), reduced activity countered an 
increase in insulin action (32). An alternate explanation for 
the absence of an acute increase in insulin action is that 
transient responses to acute PEGPH20 mask an improve- 
ment in insulin action. 

The effect of chronic treatment with PEGPH20 on 
skeletal muscle insulin action was clearly evident by in- 
creased [ 14 C]2DG uptake in the muscle of PEGPH20-treated 
mice in vivo during the IC V . This augmentation was not 
observed in isolated muscle in vitro. Isolated muscle in 
vitro lacks the intact physiological interactions between 
muscle fibers and surrounding matrix and capillaries. 
These results suggest that the main site of action of 
PEGPH20 is extramyocellular. The surrounding ECM and 
capillaries in muscle control the delivery of hormones and 
glucose (and other nutrients) to muscle in vivo. In vitro, 
when the extracellular barrier of glucose uptake is re- 
moved and the muscle cells are freely accessible to insulin 
and glucose, the beneficial effects of PEGPH20 are absent. 
These results clearly demonstrate that the improved in- 
terstitial delivery or the vascular access of the hormones 
and glucose (and other nutrients) is responsible for the 
increased insulin action in response to PEGPH20. We have 
seen this disassociation between in vivo and in vitro glu- 
cose uptake with factors that influence the extra- 
myocellular barrier. Bonner et al. (26) showed that 
deletion of vascular endothelial growth factor inhibits 
glucose uptake in vivo, but not in vitro. The importance of 
the extramyocellular response to the increased muscle 
insulin action with PEGPH20 in vivo is consistent with 
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increased muscle vascularization and a greater percent 
cardiac output going to muscle. These results were con- 
sistent with previous studies (3) and further emphasize 
that the endothelial/vascular adaptation that occurs with 
chronic remodeling of muscle ECM is a pivotal event in the 
pathogenesis of insulin resistance. An increase in basal 
muscle glucose uptake was observed in isolated soleus, 
but not EDL, suggesting that chronic PEGPH20 treatment 
has a non-insulin-stimulated effect on slow-twitch, oxida- 
tive fibers but not fast-twitch, glycolytic muscle fibers. 

Chronic treatment of PEGPH20 also reversed HF diet- 
induced insulin resistance in other insulin-sensitive tis- 
sues, in addition to skeletal muscle. Suppression of hepatic 
glucose production by insulin was also increased in 
chronic PEGPH20-treated mice. Suppression of plasma 
NEFA concentration was accentuated during the IC V in the 
PEGPH20-treated mice, indicating increased suppression 
of lipolysis by insulin. The relationship between the 
greater suppressions of lipolysis and hepatic glucose pro- 
duction is consistent with the "single gateway hypothesis" 
proposed by Bergman et al. (33). These findings reveal the 
importance of HA turnover in the regulation of whole-body 
glucose flux and are consistent with the importance of HA 
to metabolism in insulin-sensitive tissue (Supplementary 
Fig. 1). 

Adiposity is an important risk factor for the de- 
velopment of insulin resistance among other things. Body 
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fat mass and adipocyte size negatively correlate to insulin 
sensitivity (34,35). Adipose tissue inflammation is causa- 
tively linked to insulin resistance (36,37). Here we found 
that increased insulin action in the PEGPH20-treated mice 
is associated with decreased body fat mass, decreased 
adipocyte size, and decreased gene expression of the 
proinflammatory markers including IL-12 and IL-lb in 
adipose tissue. Interestingly, the expression of the anti- 
inflammatory markers and total macrophage markers such 
as F4/80, CD 11c, and CD68 were unchanged. The un- 
changed expression of F4/80, CD 11c, and CD68 was con- 
sistent with an unchanged number of crown-like structures 
determined by Toluidine Blue O staining of adipose tissue 
in vehicle and PEGPH20-treated mice (Supplementary Fig. 
2). These results suggest that despite the same numbers of 
macrophages infiltrated in the adipose tissue of DIO mice, 
the classical activation, but not the alternative activation, 
of these macrophages might be decreased by chronic 
PEGPH20 treatment (38). 

HA binds to proteins and by doing so influences cellular 
functions (39). Although the mechanisms that link in- 
creased ECM HA to HF diet-induced insulin resistance are 
not fully understood, we speculate that CD44, the main 
cell-surface receptor for HA, is coupled in the process as 
genetic deletion of CD44 ameliorates HF diet-induced in- 
sulin resistance and adipose tissue inflammation (40). 
CD44 is expressed in a large number of mammalian cell 
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types, including endothelial cells (41,42). It has been 
shown that CD44 is involved in the regulation of angio- 
genesis and endothelial cell proliferation (43,44). It is 
likely that increased HA-CD44 interaction regulates insulin 
sensitivity by influencing the endothelial/vascular function. 
Moreover, we showed that DIO mice treated with 
PEGPH20 decreased inflammation in adipose tissue, same 
as mice lacking CD44 (40). These results suggest that the 
HA-CD44 interaction may also regulate the inflammatory 
response in adipose tissue, which influences insulin action. 
Other than binding to CD44, HA also binds to HA-mediated 
motility receptor (RHAMM) and activates intracellular 
signaling (45) and has many other functions such as cell 
proliferation, aggregation, migration, and activation. The 
role of these events in regulating glucose homeostasis 
remains to be determined. 

Insulin resistance is a risk factor for many metabolic 
disorders, including type 2 diabetes and cardiovascular 
diseases (46-48). Identifying cost-effective therapeutic 
targets for insulin resistance is of great importance con- 
sidering the high prevalence of the metabolic syndrome in 
modern societies. We discovered that PEGPH20 treatment 
exhibits a dose-dependent increase in whole-body insulin 
sensitivity in DIO mice with a minimal effect dose of 0.01 
mg/kg and a maximal response dose of 1 mg/kg. At a dose 
of 0.01 mg/kg, the transient adverse effects seen with 
higher doses, including decreased food intake, EE, and 



physical activity, were absent. Importantly, PEGPH20 was 
effective at doses that normalized muscle HA to levels in 
chow-fed lean mice. These findings strongly suggest that 
elevated muscle HA is causative to muscle insulin re- 
sistance in DIO mice. Promisingly, we provide evidence 
that PEGPH20 dose-dependently decreases fat mass and 
increases lean mass, indicating that PEGPH20 promotes 
a metabolically healthier state. These dose-response 
studies in mice are important in developing optimal ther- 
apeutic regimens. 

In summary, our studies show that an increase in the 
ECM HA is linked to HF diet-induced insulin resistance. 
Pharmacological treatment with PEGPH20 improves 
muscle vascularity and reverses insulin resistance. More- 
over, the adipose and hepatic insulin resistance of HF 
feeding is improved with PEGPH20. These findings are 
consistent with previous findings from us (3) and others 
(2), suggesting that ECM remodeling associated with ex- 
cess caloric intake is an important component of the 
pathogenesis of insulin resistance. We have shown pre- 
viously that ECM constituents that act through integrin 
receptors improve insulin action. Here we show for the 
first time that HA is elevated in DIO mice and that this 
increase is a major contributor to insulin resistance. 
Treatment with the pegylated variant of hyaluronidase ef- 
fectively normalizes HA content in muscle and improves 
insulin action. 
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